Avenacins are antimicrobial triterpene glycosides that are produced by oat (Avena) roots. These compounds confer broadspectrum resistance to soil pathogens. Avenacin A-1, the major avenacin produced by oats, is strongly UV fluorescent and accumulates in root epidermal cells. We previously defined nine loci required for avenacin synthesis, eight of which are clustered. Mutants affected at seven of these (including Saponin-deficient1 [Sad1], the gene for the first committed enzyme in the pathway) have normal root morphology but reduced root fluorescence. In this study, we focus on mutations at the other two loci, Sad3 (also within the gene cluster) and Sad4 (unlinked), which result in stunted root growth, membrane trafficking defects in the root epidermis, and root hair deficiency. While sad3 and sad4 mutants both accumulate the same intermediate, monodeglucosyl avenacin A-1, the effect on avenacin A-1 glucosylation in sad4 mutants is only partial. sad1/sad1 sad3/sad3 and sad1/sad1 sad4/sad4 double mutants have normal root morphology, implying that the accumulation of incompletely glucosylated avenacin A-1 disrupts membrane trafficking and causes degeneration of the epidermis, with consequential effects on root hair formation. Various lines of evidence indicate that these effects are dosage-dependent. The significance of these data for the evolution and maintenance of the avenacin gene cluster is discussed.
INTRODUCTION
Plants produce a huge array of secondary metabolites. These compounds confer selective advantages by protecting against pathogens, pests, and stress and possibly also by suppressing the growth of neighboring plants (Wink, 1999; Field et al., 2006) . The ability of plants to perform in vivo combinatorial chemistry by mixing, matching, and evolving the genes for new natural product pathways is likely to have been critical for survival and diversification. Some plant secondary metabolites (e.g., flavonoids) have also been implicated in primary physiological functions, such as auxin transport, regulation of seed longevity, and dormancy (D'Auria and Gershenzon, 2005) .
Roots produce a remarkable variety of compounds, including alkaloids, flavonoids, and terpenoids (Flores et al., 1999; Bertin et al., 2003; Bais et al., 2006; Field et al., 2006) . These compounds can have marked effects on interactions between plants and other organisms. Oat (Avena) roots synthesize antimicrobial triterpenoid glycosides (saponins) known as avenacins, of which the major component is avenacin A-1 (Figure 1 ) . These compounds confer resistance to a range of soil-borne pathogens (Papadopoulou et al., 1999) . Avenacins are synthesized from mevalonic acid via the isoprenoid pathway and share a common biogenetic origin with sterols, the two pathways diverging after 2,3-oxidosqualene ( Figure 1 ) (Hostettman and Marston, 1995; Trojanowska et al., 2000; Haralampidis et al., 2001b) . The ability to produce avenacins is restricted to the genus Avena, and other cereals and grasses do not make these compounds (Hostettman and Marston, 1995) . Therefore, transfer of this pathway into wheat (Triticum aestivum), rice (Oryza sativa), and other plants offers potential for new methods of disease control but is dependent on a better understanding of the biosynthetic process.
Avenacin A-1 is strongly fluorescent under UV illumination and causes oat roots to fluoresce bright blue (Turner, 1960; Papadopoulou et al., 1999) . We have exploited this fluorescence to identify sodium azide-induced mutants of diploid oat (Avena strigosa) that are compromised in avenacin synthesis (Papadopoulou et al., 1999) . To date, we have defined nine loci for avenacin biosynthesis, two of which have been cloned and Sad2). Sad1 encodes b-amyrin synthase, which catalyzes the first committed step in the pathway (Figure 1 ) (Haralampidis et al., 2001a) , and Sad2 encodes a cytochrome P450 monooxygenase that functions early in biosynthesis (Qi et al., 2006) . Intriguingly, these two cloned genes along with five of the six other loci that we have defined genetically (Sad3 and Sad5 to Sad8) are clustered in the oat genome (Papadopoulou et al., 1999; Qi et al., 2004 Qi et al., , 2006 . Production of secondary metabolites is usually tightly regulated in plants, since the pathway end products and also their biosynthetic intermediates may have phytotoxic activity. Avenacin A-1 accumulates in the epidermal cells of oat roots, and its synthesis is highly localized (Turner, 1960; Osbourn et al., 1994) . Expression of Sad1 and Sad2 occurs primarily in these cells and is under strict developmental control (Haralampidis et al., 2001a; Qi et al., 2006) . Genes for metabolic pathways in plants are generally unlinked. Although the avenacin pathway has features in common with bacterial operons (gene clustering and coexpression), our evidence indicates that this pathway has evolved from plant components by gene duplication and rapid sequence divergence, and not by horizontal gene transfer (Haralampidis et al., 2001a; Qi et al., 2004 Qi et al., , 2006 . Therefore, this gene cluster is an example of a rapidly evolving coadapted gene complex.
Proper glycosylation of avenacins is critical for antifungal activity, since removal of a single glucose molecule from the trisaccharide sugar chain leads to a substantial reduction in toxicity (Osbourn et al., 1991) . Indeed, some soil fungi produce glycosyl hydrolases that detoxify avenacin A-1 by removing one or more sugars, enabling them to tolerate the compound (Turner, 1961; Bowyer et al., 1995; Carter et al., 1999) . In the plant, the addition of sugars to triterpene aglycones occurs late in the biosynthetic pathway and is likely to be important for stability and sequestration within the cell (Hostettman and Marston, 1995; Haralampidis et al., 2001a; Jenner et al., 2005) . Mutants affected at seven of the nine loci that we have identified in our screen for avenacin-deficient mutants have normal root morphology apart from reduced root fluorescence (Papadopoulou et al., 1999) . These include mutants affected at Sad1, the gene for the first committed enzyme in the pathway (Haralampidis et al., 2001a) . Thus, although avenacins confer disease resistance, they are not required for normal root development. However, mutants affected at two other loci, Sad3 and Sad4, have reduced root growth and are root hair-deficient. sad3 and sad4 mutants are both affected in their ability to glucosylate avenacins and accumulate the same intermediate, monodeglucosyl avenacin A-1 (avenacin A-1 lacking the b-1,4-linked D-glucose). These mutants have epidermis-specific membrane trafficking defects that are suppressed by mutations at Sad1, indicating that accumulation of monodeglucosyl avenacin A-1 is the cause rather than a consequence of the observed root defects. Our evidence The first committed step in the avenacin pathway is catalyzed by the oxidosqualene cyclase b-amyrin synthase (encoded by Sad1). sad3 and sad4 mutants accumulate avenacin A-1 lacking the b-1,4-linked D-glucose. suggests that the Sad3 gene, which is part of the avenacin gene cluster, has a specific role in avenacin synthesis/sequestration, while Sad4 (which is unlinked to this region) has a broader function.
RESULTS

Mutations at Sad3 and Sad4 Affect Root Morphology
Previously, we screened germinating seedlings of a sodium azide-mutagenized population of diploid oat for reduced root fluorescence to identify mutants that were defective in avenacin biosynthesis (Papadopoulou et al., 1999) . Two mutants, #1139 and #9, single mutants representing two different loci-Sad3 and Sad4, respectively-were identified among the mutants isolated during this screen. Both of these mutants accumulated incompletely glucosylated avenacin A-1. Sugar linkage analysis revealed that in both cases, the intermediate that accumulated was avenacin A-1 lacking the b-1,4-linked D-glucose ( Figure 1 ; see Supplemental Table 1 online). These two mutants differed from the other root fluorescence mutants in our collection in that they had reduced numbers of root hairs (Figure 2 ). They also had reduced root growth (see Supplemental Table 2 online).
F2 populations derived from wild type 3 mutant crosses were examined to determine whether the reduced root fluorescence phenotype cosegregated with the root morphology defect (short roots and reduced numbers of root hairs). Approximately 1000 F2 progeny were tested for each mutant. These were derived from backcrosses with A. strigosa accession S75 (the parent of the mutants) (Papadopoulou et al., 1999) and additionally from crosses with the two mapping lines CI1994 and CI3814 (Yu and Wise, 2000) , both of which also produce avenacins. In all crosses, the reduced fluorescence phenotype cosegregated with both aspects of the root phenotype as single recessive mutations.
Sad3 and/or Sad4 may be required specifically for triterpene glycosylation. Alternatively, they may have functions in root growth and development that indirectly affect the glycosylation process.
Isolation of new Mutant Alleles of Sad3 and Sad4
We then examined an extended collection of uncharacterized reduced root fluorescence mutants to identify more mutant alleles of Sad3 and Sad4. We found four mutants with the root morphology defects typical of mutants #1139 and #9. Allelism tests confirmed three of these as new sad3 mutants (#105, 368, and 891) and one as a new sad4 mutant (#933). Root extracts of the original sad3 mutant #1139 contained only trace amounts of avenacin A-1, the bulk of the triterpene accumulating as monodeglucosyl avenacin A-1 ( Figure 3A ). In contrast, the original sad4 mutant (#9) accumulated a mixture of avenacin A-1 and monodeglucosyl avenacin A-1 ( Figure 3B ). Root extracts of the new sad3 mutants resembled #1139 in containing monodeglucosyl avenacin A-1 but only trace amounts of avenacin A-1 ( Figure 3A) , while root extracts of the new sad4 mutant (#933) contained a mixture of avenacin A-1 and monodeglucosyl avenacin A-1 and so resembled mutant #9 ( Figure 3B ). Thus, the differences in the relative amounts of avenacin A-1 and monodeglycosyl avenacin A-1 in sad3 and sad4 mutants appear to be consistent features of mutations at these loci. Like mutants #1139 and #9, the new sad3 and sad4 mutants all had shorter roots compared with the wild type ( Figure 3C ) and were deficient in root hairs.
sad3 and sad4 Mutants Have Root Epidermis Defects
Propidium Iodide Staining
The roots of 2-d-old seedlings of wild-type, sad3, and sad4 lines were stained with propidium iodide (a fluorescent dye that stains nucleic acids and also outlines the periphery of the cells) and imaged by confocal microscopy. Propidium iodide staining of cell contents was restricted to the root epidermis and was not observed in the underlying cell layers. The epidermal cells of sad3 and sad4 mutants in the meristematic region of the root were irregular in shape and size compared with those of the wild type, and many of these cells stained strongly with propidium iodide ( Figure 4A ). The phenotype of sad3 mutants was more severe than that of sad4 mutants (shown for mutants #1139 and #9, respectively; Figure 4A ).
We also examined the differentiation zone of the roots following propidium iodide staining. In 2-d-old seedlings, the appearance of the root epidermis in the differentiation zone of the mutants was similar to that of the wild type. However, in roots of 3-d-old seedlings, the epidermis of the mutants was defective ( Figure 4B ). Optical cross sections through the roots of sad3 and sad4 mutants confirmed that the epidermis was discontinuous and that cortical cells were often in direct contact with the environment ( Figure 4C ).
These experiments indicate that the epidermal cells of roots of sad3 and sad4 seedlings degenerate. This process progresses as the seedlings develop. The obvious explanation for the reduced fluorescence and the root hair deficiency phenotypes of sad3 and sad4 mutants is the degeneration of the epidermis.
Saponin Localization
Previously, we showed that avenacin A-1 is the major UV fluorescent compound in wild-type oat roots (Osbourn et al., 1994) . Confocal microscopy using excitation and emission conditions that detect avenacin A-1 revealed that the fluorescence associated with this saponin appears to be localized in the vacuoles of the root epidermal cells ( Figure 5A ). The root epidermal cells of sad1 mutants did not fluoresce under these conditions, confirming that the fluorescence observed in the wild type was due to the presence of avenacin A-1 (data not shown). sad3 mutants accumulate monodeglucosyl avenacin A-1 as the major fluorescent compound and contain only trace amounts of fully glycosylated avenacin A-1 (Papadopoulou et al., 1999) ( Figure 3A) . Therefore, the fluorescent patches seen in roots of these mutants are likely to be primarily due to this compound. Epidermal cells of roots of sad3 mutants have overall reduced fluorescence compared with the wild type, with patches of more intense fluorescence (shown for mutant #1139 in Figure 5B and in Supplemental Figure 1D online). These patches appeared to be either inside or just outside the vacuole. Irregular patches of fluorescence were also visible in the epidermal cells of roots of sad4 mutants (see Supplemental Figure 1F online). These data imply that sad3 and sad4 mutations directly or indirectly affect the appropriate sequestration and/or distribution of triterpene glycosides.
Calcofluor
Further cytological analysis revealed the presence of Calcofluorstaining aggregates in the epidermal cells of roots of sad3 and sad4 mutants but not in the wild type (arrows in Figure 6 ). Calcofluor stains both cellulose and callose. This effect was more severe for sad3 than for sad4, as was the case with propidium iodide staining. At higher resolution, these aggregates often had a spaghetti-like appearance ( Figures 6D and 6F ). Autofluorescence associated with avenacin A-1 was lost during the fixation and embedding of the material, and fluorescence was not observed in the absence of Calcofluor staining. Staining with aniline blue, which detects callose but not cellulose, indicated that the aggregates contained callose (see Supplemental Figure 2 online), although they may also contain primary cell wall material as well.
Transmission Electron Microscopy
We then investigated the nature of the epidermal defects of roots of sad3 and sad4 at the ultrastructural level using transmission electron microscopy (shown for the sad3 mutant #1139 in Figure  7 ). The margins of sad3 epidermal cells had a wavy appearance and appeared to be thickened in places compared with the wild type, suggestive of a cell wall and/or membrane defect (arrows in Figure 7B ). In some epidermal cells, the infolding of the plasma membrane extended deep into the cytoplasm, forming sac-like structures (arrows in Figure 7C ). The normal morphology of the nucleus and the endoplasmic reticulum of the epidermal cells containing these sacs indicates that these structures are not likely to be due to autolysis or an artifact of fixation. Similar defects were seen in occasional epidermal cells in roots of sad4 mutants (see Supplemental Figure 3 online). For both sad3 and sad4 mutants, the observed membrane and cell wall defects were restricted to the epidermal cells of the roots. Our transmission electron microscopy data suggest that sad3 and sad4 mutants have membrane trafficking defects.
Thus, sad3 and sad4 mutants have root epidermal cells with aberrant morphology that are defective in the glycosylation and sequestration of avenacin A-1, that accumulate callose, and that have membrane trafficking defects. These effects are more severe in sad3 mutants than in sad4 mutants. sad1 mutants had normal root morphology (apart from a lack of fluorescence), indicating that these effects were not due to a lack of avenacins. Our mRNA in situ data suggest very weak expression of avenacin biosynthesis genes in the root cap cells (Qi et al., 2006) , and wildtype root cap cells are UV fluorescent, suggestive of the presence of avenacin A-1 (see Supplemental Figure 1 online). sad3 and sad4 mutants exhibit a distinct root cap defect: root cap cells form a thick ring of dark brown cells that adhere strongly to the root tip. They also have a patchy fluorescent phenotype resembling that seen in sad3 and sad4 mutant root epidermal cells (see Supplemental Figure 1 
online).
Characterization of sad1/sad1 sad3/sad3 and sad1/sad1 sad4/sad4 Double Mutants
The root epidermis defects that we observed in sad3 and sad4 mutants could be caused by the accumulation of monodeglucosyl avenacin A-1. Alternatively, they could be the result of mutations that affect root growth and development and that have an indirect effect on avenacin glucosylation. sad1 mutants are blocked in the first committed step in the avenacin pathway ( Figure 1 ) and so do not accumulate avenacin A-1 or other pathway intermediates. These mutants have normal root morphology. We generated double mutants in which the homozygous sad3 or sad4 mutations were introduced into a sad1/sad1 mutant background to establish whether the accumulation of monodeglucosyl avenacin A-1 was the cause or the consequence of the root morphology defects.
Sad3 is part of the avenacin biosynthetic gene cluster and maps 3.6 centimorgan from Sad1 (Qi et al., 2004) . Since Sad1 and Sad3 are linked, recombinants between these loci are rare. Therefore, we screened F2 progeny derived from a sad1 sad1 3 sad3 sad3 cross for seedlings with the genotype Sad1/sad1 sad3/sad3, so that we could self these and follow segregation of the Sad1 locus in a sad3/sad3 mutant background. The F2 progeny derived from the sad1/sad1 3 sad3/sad3 cross were genotyped for Sad1/sad1 by DNA sequence analysis (Haralampidis et al. 2001a ). Sad3 has not yet been cloned. However, homozygous mutations at this locus give a clear biochemical phenotype (accumulation of monodeglucosyl avenacin A-1) in the Sad1/ Sad1 and Sad1/sad1 backgrounds, enabling Sad1/Sad1 sad3/ sad3 and Sad1/sad1 sad3/sad3 seedlings to be readily identified. Therefore, we were able to use a combination of genotyping and chemotyping to identify a single seedling with the genotype Sad1/sad1 sad3/sad3 among 305 F2 seedlings. This seedling had the root morphology phenotype typical of sad3 mutants, as expected. The progeny derived by selfing this plant were also analyzed by genotyping and chemotyping as described above, and the expected segregation patterns were observed (see Supplemental Table 3 online). Progeny with the genotypes Sad1/Sad1 sad3/sad3 and Sad1/sad1 sad3/sad3 accumulated monodeglucosyl avenacin A-1 and had root morphology defects ( Figure 8A ; see Supplemental Table 3 online). Progeny with the genotypes sad1/sad1 sad3/sad3 did not accumulate monodeglucosyl avenacin A-1 (see Supplemental Table 3 online), since the pathway is blocked in the first committed step (Figure 1 ). These progeny had normal roots ( Figure 8A ), indicating that accumulation of monodeglucosyl avenacin A-1 is the cause of the root morphology defects. Propidium iodide and Calcofluor staining confirmed that the epidermal cells of these double mutants were normal in appearance (apart from the reduced fluorescence phenotype).
Sad4 is unlinked to Sad1, so segregation of Sad1/sad1 in a sad4 mutant background can be followed in F2 progeny derived by crossing a homozygous sad1 mutant with a homozygous sad4 mutant and then selfing. Again, seedlings were genotyped for Sad1/sad1 and also chemotyped to identify Sad1/Sad1 sad4/ sad4 and Sad1/sad1 sad4/sad4 lines using the methods described above. The segregation patterns of genotypes were consistent with a 9:3:4, ratio as expected for two unlinked loci (see Supplemental Table 4 online). Progeny with the genotypes Sad1_ Sad4_ (i.e., at least one Sad1 allele together with one Sad4 allele) accumulated avenacin A-1 (not monodeglucosyl avenacin A-1) and had wild-type root morphology, as expected. Progeny that were homozygous mutant for sad1 did not accumulate avenacin A-1 or monodeglucosyl avenacin A-1 and had normal root morphology (although these seedlings had reduced root fluorescence under UV illumination). Since sad1/sad1 sad4/sad4 double mutants must be within this group, this implies that these double mutants have normal root morphology, as is the case for sad1/sad1 sad3/sad3 double mutants. We expected all progeny with a Sad1_ sad4/sad4 genotype to have the root morphology phenotype typical of homozygous sad4 mutants. However, we found that this group of seedlings consisted of two subgroups: those with sad4 mutant root morphology and those with normal root morphology. Genotyping indicated that the seedlings within the former subgroup were all homozygous wild type for Sad1, while those in the latter were all Sad1/sad1 heterozygotes (see Supplemental Table 4 online). These data indicate that the manifestation of the sad4 root morphology phenotype is dependent on the dosage of Sad1.
We then went on to verify the phenotypes of Sad1/Sad1 sad4/ sad4, Sad1/sad1 sad4/sad4, and sad1/sad1 sad4/sad4 seedlings by selfing plants with the genotype Sad1/sad1 sad4/sad4 and following the segregation of Sad1 and sad1 in a sad4/sad4 background. These experiments confirmed that Sad1/Sad1 sad4/sad4 seedlings have the root morphology defect and that sad1/sad1 sad4/sad4 seedlings have wild-type root morphology, as expected. They also verified that seedlings with the genotype Sad1/sad1 sad4/sad4 accumulate monodeglucosyl avenacin A-1 but have normal root morphology ( Figure 8B ). sad1/sad1 sad4/sad4 and Sad1/sad1 sad4/sad4 lines also had normal root epidermal cells, as assessed by propidium iodide and Calcofluor staining (data not shown).
The ratios of avenacin A-1 to monodeglucosyl avenacin A-1 were significantly different when root extracts from seedlings with the genotypes Sad1/Sad1 sad4/sad4 and Sad1/sad1 sad4/ sad4 were compared (;2:1 and 4:1, respectively; Figure 9A ). We also noted a small but significant reduction in the growth rates of the roots of Sad1/sad1 sad4/sad4 seedlings compared with sad1/sad1 sad4/sad4 seedlings, but this effect was far less severe than that observed for Sad1/Sad1 sad4/sad4 seedlings ( Figure 9B ). These data suggest that the severity of the root morphology defects may depend on the amounts of monodeglucosyl avenacin A-1 that accumulate. Direct comparison of the metabolite content of Sad1/Sad1 sad4/sad4 and Sad1/sad1 sad4/sad4 is complicated by the fact that Sad1/Sad1 sad4/sad4 seedlings have substantial root morphology defects while Sad1/ sad1 sad4/sad4 seedlings do not. Therefore, we analyzed the avenacin A-1 content of F2 progeny derived from a cross between the wild-type oat line and a homozygous sad1 mutant (in the absence of sad3 or sad4 mutations) to establish whether the dosage effect of the Sad1 gene affected avenacin A-1 levels and found that this was indeed the case. Avenacin A-1 levels were higher in Sad1/Sad1 homozygotes than in Sad1/sad1 lines ( Figure 9C ). Collectively, these data suggest that Sad1/sad1 sad4/sad4 seedlings accumulate less monodeglucosyl avenacin A-1 than Sad1/Sad1 sad4/sad4, because the b-amyrin synthase enzyme is limiting in seedlings with the Sad1/sad1 genotype.
DISCUSSION
sad3 and sad4 mutants are compromised in avenacin synthesis and sequestration. The roots of these mutants are stunted and have reduced numbers of root hairs. Cytological examination indicates that the reduced root hair phenotype is caused by defects in the root epidermal cells. Ultrastructural studies indicate that membrane trafficking is disrupted in these cells. The root epidermal cells of sad3 and sad4 mutants accumulate Calcofluor-staining material that contains callose and probably also primary cell wall components. Callose deposition in plants can be induced by wounding or pathogen attack, but it has also been observed in Arabidopsis thaliana mutants that have defects in cell wall biogenesis and cell expansion (Lukowitz et al., 2001; Ko et al., 2006) . The accumulation of callose in sad3 and sad4 mutants may be a stress response caused by cytotoxic effects of monodeglucosyl avenacin A-1 and/or disruption of cell wall deposition/cell expansion. One of the manifestations of disruption of the epidermal cell layer is the root hair deficiency phenotype.
The morphological defects that we observed in sad3 and sad4 mutants could in principle be due to mutations that affect root growth and development and that have an indirect secondary effect on avenacin glucosylation. Mutations in genes that affect membrane trafficking in plants have been shown to affect cell wall metabolism, growth, and development (Jü rgens, 2004; Johansen et al., 2006) . In this case, effects on the synthesis and sequestration of avenacin A-1 would be an indirect consequence of defects in fundamental cellular processes. However, we have shown that the root morphology defects in both sad3 and sad4 mutants are suppressed in a sad1/sad1 mutant background. This implies that the accumulation of monodeglucosyl avenacin A-1 is the cause, rather than the consequence, of the reduced root growth and root hair deficiency phenotypes. Homozygous sad1 mutants lacking the entire avenacin biosynthetic pathway have no obvious defects in root development and morphology, although they are compromised in disease resistance (Papadopoulou et al., 1999; Haralampidis et al., 2001a) . The effects that we observed in sad3 and sad4 mutants, therefore, are not due to an inability to synthesize avenacin A-1. Exogenous application of monodeglucosyl avenacin A-1 to roots of wild-type oat seedlings and also to tobacco (Nicotiana tabacum) BY2 cell cultures did not have any obvious effects on morphology or growth (data not shown). However, we were limited in the amounts of compound that we could apply due to availability (the maximum concentrations used were 5 to 10 mM); also, we cannot exclude the possibility that the compound may not have been taken up or may have been modified by endogenous glucosyltransferases. Interestingly, the pea (Pisum sativum) triterpene glycoside chromosaponin I stimulates Arabidopsis root growth when applied exogenously and also causes a reduction in root hair length and number. Chromosaponin I is believed to act through the regulation of auxin influx to affect various developmental processes in Arabidopsis, including ethylenemediated responses and gravitropism (Rahman et al., 2000, Figure 8 . Root Phenotypes of sad1/sad1 sad3/sad3 and sad1/sad1 sad4/sad4 Double Mutants.
(A) sad1/sad1 sad3/sad3 double mutants have normal root morphology. (B) The sad4 root morphology phenotype is dependent on the dosage of Sad1. Sad1/sad1 sad4/sad4 and sad1/sad1 sad4/sad4 mutants both have normal root morphology. Four-day-old seedlings are shown. 2001, 2002) . However the significance of chromosaponin I for growth and development in pea is not known.
There are numerous reports that support the importance of glycosylation in cell division, growth, and morphogenesis both in animals and in plants. More specifically, glycosylation of secondary metabolites is a common mechanism of self-protection against compounds that are phytotoxic (von Rad et al., 2001; Bowles et al., 2005 Bowles et al., , 2006 . A root-expressed pea UDP-glycosyltransferase, Ps UGT1, that glycosylates flavonoids has been shown to be essential for plant development, possibly via regulation of the cell cycle (Woo et al., 1999) . Downregulation of the Arabidopsis ortholog of Ps UGT1 resulted in altered root growth, development, and gravity response (Woo et al., 2003 (Woo et al., , 2007 . Similarly, loss-of-function mutations in an Arabidopsis glucosyltransferase required for glucosinolate biosynthesis gave a leaf chlorosis phenotype that has been ascribed to the accumulation of toxic levels of thiohydroximate, the substrate for this enzyme (Grubb et al., 2004) . Other aspects of plant physiology have been reported to be affected by the glycosylation status of secondary metabolites. For example, partially glycosylated triterpenes and their aglycones can suppress induced defense responses in solanaceous plants (Bouarab et al., 2002; Ito et al., 2004) .
Sad3 and/or Sad4 may encode glucosyltransferases that are required for the addition of the b-1,4-linked D-glucose molecule to the triterpene backbone of avenacin A-1. Alternative possibilities are that the Sad3 and/or Sad4 gene products are involved in the regulation of avenacin A-1 glucosylation or in avenacin transport/sequestration. Glycosylation is the final step in the synthesis of many plant secondary metabolites and occurs prior to entry into the vacuole (Hostettman and Marston, 1995; Wink, 1999; Frangne et al., 2002; Richman et al., 2005; Bowles et al., 2006; Martinoia et al., 2007) , although there are examples of glucosylated compounds that cannot enter the vacuole unless they are further modified by acylation (Matern et al., 1986; Hopp and Seitz, 1987) . The process by which avenacin A-1 is transported to the vacuole is not known. Glycosides, including endogenous secondary metabolites, may be transported into the vacuole by ATP binding cassette or multidrug and toxic compound extrusion transporters (Klein et al., 1996; Debeaujon et al., 2001; Bartholomew et al., 2002; Goodman et al., 2004; Yazaki, 2005) . Alternatively, they may be delivered to the vacuole through the fusion of endoplasmic reticulum-derived vesicles (Poustka et al., 2007) or membrane-bound biosynthetic organelles (Bouvier et al., 2003) .
Since sad3 mutants accumulate monodeglucosyl avenacin A-1 and contain only trace amounts of avenacin A-1, it is clear that the Sad4 gene product is unable to compensate for mutations at Sad3. By contrast, root extracts of sad4 mutants contain a mixture of avenacin A-1 and monodeglucosyl avenacin A-1. This is not likely to be attributable to weak mutant alleles, since both sad4 mutants show this effect. Previously, we showed that sad4 mutant #9 is also affected in the glucosylation of avenacosides, which are steroidal compounds found in oat leaves, while the sad3 mutant #1139 is wild type in this regard (Papadopoulou et al., 1999) . Several lines of evidence suggest that the Sad3 gene product has a specific role in avenacin synthesis/sequestration, while the Sad4 gene product has a broader function. First, sad4 mutants are only partially affected in avenacin glucosylation, while sad3 mutants are fully compromised. Second, sad4 mutant #9 has been shown to be defective in glucosylation of avenacosides, implying that the Sad4 gene product has functions beyond avenacin synthesis and is not restricted to the roots. Third, Sad3 is part of the avenacin biosynthetic gene cluster, while Sad4 is unlinked to this region (Papadopoulou et al., 1999; Qi et al., 2004) . In filamentous fungi, gene clusters for the production of specialized metabolites (e.g., toxins) are common, and it is often the case that genes that are important for detoxification and storage of the pathway end product (sugar transferases and transporters) are contained within the cluster (Yu and Keller, 2005) . The maintenance of such genes within the clusters is presumably favored by selection, since disruption of the cluster will lead to the generation of deleterious intermediates. The fact that the Sad3 gene is genetically linked to the avenacin biosynthetic gene cluster further implicates Sad3 as a dedicated cluster component. Homozygous sad3 mutations have clear detrimental effects on plant growth in both Sad1/Sad1 and Sad1/sad1 backgrounds, indicating that the gene cluster is highly sensitive to perturbation. By contrast, homozygous mutations at the Sad4 locus (which segregates independently of Sad1) are detrimental in a Sad1/Sad1 background but can be tolerated in a Sad1/sad1 background. A future priority is to clone and characterize Sad3 and Sad4, since this should give insights into their function. This will also enable us to generate lines that are homozygous mutant for both sad3 and sad4 in order to carry out epistasy analysis.
To date, the only other well-characterized example of a gene cluster for a metabolic pathway in plants is that of the benzoxazinoids, a different class of defense-related compounds produced by maize (Zea mays) (Frey et al., 1997; Gierl and Frey, 2001 ). Interestingly, a putative biosynthetic gene cluster was also recently reported for momilactone (diterpene) synthesis in rice (Shimura et al., 2007) . Thus, gene clusters for natural product pathways may be more common in plants than previously anticipated. Mechanisms that act to disperse genes (translocation, inversion, and unequal crossing over) are common in eukaryotes, and genes for most well-studied metabolic pathways are not clustered in plants. This raises some intriguing questions about why the genes for the avenacin, benzoxazinoid, and momilactone pathways are maintained as clusters. Clustering of genes has obvious advantages for coordinated regulation at the higher order levels of chromatin and nuclear organization. Clustering can also facilitate the inheritance of the genes as a functional unit and is likely to be selected for because the end products of these pathways confer an advantage (pest and pathogen resistance). Interference with the integrity of such clusters could result not only in loss of the ability to produce the protective pathway end product but also in the accumulation of deleterious intermediates Qi et al., 2004) . Our experiments demonstrate that this is indeed the case.
METHODS
Plant Material
Wild-type and mutant oat (Avena strigosa) lines have been described previously (Papadopoulou et al., 1999; Yu and Wise, 2000; Qi et al., 2004) .
Methods for the isolation of new mutants and subsequent biochemical analysis were as described by Papadopoulou et al. (1999) . For growth assessment and cytological analysis of mutants, seeds were dehusked, surface-sterilized in 5% sodium hypochlorite solution, and placed on 0.8% water agar. They were then stratified at 48C for 1 to 2 d before being transferred to a growth chamber (16 h of light and 8 h of dark at 228C). The agar plates were maintained at an angle of 258.
Confocal Microscopy
Two-to 5-d-old seedlings were stained with 0.1 mg/mL propidium iodide solution for 15 to 25 min. The roots were imaged with a Leica SP confocal microscope (488 nm excitation, 598 to 651 nm emission). Images were processed with NIH Image (http://rsb.info.hih.gov/nih-image) and assembled using Adobe Photoshop 7. A MRC500 Bio-Rad confocal laser scanning microscope was used for imaging avenacin A-1 and monodeglucosyl avenacin A-1 (363 nm excitation, 450 to 465 nm emission) (Osbourn et al., 1994) . Approximately 50 seedlings of each line were imaged per time point.
Fluorescence and Transmission Electron Microscopy
Roots were fixed in 2.5% (v/v) glutaraldehyde, 0.05 M sodium cacodylate, pH 7.3, and embedded in LR White resin (London Resin) as described by Lodwig et al. (2005) . The material was sectioned with a glass knife using a Reichert ultramicrotome (Leica). For fluorescence microscopy, 0.5-mmthick sections were dried onto glass slides and stained with Calcofluor (Sigma-Aldrich; 0.1% in water; 395 to 415 nm excitation and 455 nm emission) or with aniline blue (Biosupplies; 0.1% in water; 390 nm excitation and 480 nm emission) and viewed with a Nikon Eclipse E800 fluorescence microscope with a 49,6-diamidino-2-phenylindole filter set. Photographs were taken with a Nikon Coolpix digital camera. For electron microscopy, ultrathin sections of ;90 nm were picked up on 200 mesh copper grids that had been pyroxylin-and carbon-coated. The sections were stained with 2% (w/v) uranyl acetate and 2% lead citrate. The grids were viewed with a Jeol 1200 EX transmission electron microscope at 80 kV, and photographs were taken on Kodak electron image film.
Analysis of Segregating Progeny
Seeds were dehusked and surface-sterilized as described above. They were then stratified on moist filter paper in the dark at 48C for 2 d before incubation at 228C (16 h of light, 8 h of dark) for 3 d. Individual seedlings were assessed as follows. For root fluorescence, seedlings were scored for root fluorescence as described by Papadopoulou et al. (1999) . For metabolite analysis, individual root tips (1-cm sections) were immersed in 75% methanol and left at 48C overnight. The methanol extract was then dried down in a speed vacuum and resuspended in 10 mL of absolute methanol before being subjected to thin-layer chromatography analysis as described by Papadopoulou et al. (1999) . Avenacin A-1, monodeglucosyl avenacin A-1, and other fluorescent components were visualized under UV illumination. For genotyping, DNA extracts of seedlings were genotyped for a characterized single nucleotide polymorphism at Sad1 by sequence analysis (Haralampidis et al., 2001a; Qi et al., 2001 ).
LC-MS Analysis
Semiquantitative analysis of avenacins was performed by LC-MS using a Thermo Finnigan Surveyor HPLC system (Thermo Scientific) equipped with a diode array detector and a DecaXP plus ion trap mass spectrometer (Thermo Scientific). Avenacins were separated on a 3 mm, 100 3 2 mm Luna C18(2) column (Phenomenex) at 308C and a flow rate of 300 mL/min using the following gradient of increasing acetonitrile versus water:formic acid (99.9:0.1): 0 min, 20% acetonitrile; 3 min, 25%; 20 min, 50%; 30 min, 80%; 32 min, 80%. Detection was by positive ion electrospray mass spectrometry. Spray chamber conditions were 50 units of sheath gas, 5 units of auxiliary gas, 5.2 kV spray voltage, and 3508C capillary temperature. Quantitation was by integration of extracted ion chromatograms for the parent masses of the avenacins, whose identities were confirmed by tandem mass spectrometry at 35% collision energy and isolation width of 3 m/z.
Accession Numbers
Sequence data from this article can be found in the GenBank data library under accession numbers AY618699 (Sad1) and DQ680852 (Sad2).
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